In this paper we propose a magnetically tunable plasmons resonator based on a graphene-coated nanowire. Due to the magneto-optical effect under an external magnetic field, the circumferential propagation of graphene plasmons on a magneto-optical nanowire becomes non-reciprocal with the modal indices depend on plasmons traveling directions (clockwise or anti-clockwise). When coupled with a graphene sheet waveguide, the two components form a graphene plasmons filter for which the shift direction of transmittance spectrum is determined by the direction of input plasmons. The resonant wavelengths of resonator are obtained through resonant cavity theory and verified by numerical solutions. Furthermore, the non-reciprocal transmittance enables such structures to achieve the function of a plasmons isolator where the isolation could be tuned by the amplitude of an external magnetic field and the enabled plasmons propagation direction could be switched by reversing the direction of external magnetic field. Under proper structural parameters and magnetic field, an isolation ratio over 25 dB is obtained. The proposed magnetically tunable plasmons resonator may provide new inspiration to graphene plasmonics devices. 
Introduction
Graphene is a semiconductor with a two-dimensional form of carbon atoms arranged in the honeycomb lattice [1] . Increasing attention has been paid to graphene due to its unique mechanical, electric, magnetic properties, extremely high quantum efficiency for light-matter interactions and its ability to support graphene plasmons (GPs) with unusual properties [2] . For instance, the GPs supported on rigid curved graphene waveguides have shown much stronger confinement and smaller radiation loss than counterpart on noble metals [3] . On the other hand, graphene also presents strong tunability via electrical biasing [4] , which leads to various tunable graphene-based devices. Ring resonators have been extensively studied and shown to possess distinct functionalities in integrated optics on a variety of platforms, such as semiconductors [5] , high index contrast dielectric waveguide [6] and metal-insulator-metal (MIM) waveguides [7] . Recently, various tunable resonators have been proposed and demonstrated to achieve tunable resonances using nematic liquid crystals [8] , the photocapacitance of semi-insulating GaAs [9] or the thermo-optical effect [10] .
Previously, a graphene-coated nanowire (GNW) waveguide structure has been proposed [11] and the longitudinal propagation of plasmons on a GNW waveguide has been clarified [12, 13] . Nevertheless, the circumferential propagation of GPs on a GNW has not been addressed yet, especially when the GNW is coupled with a graphene sheet waveguide. Meanwhile, although graphene itself has shown potentials of tunability, it is challenging to implement electrical bias on a GNW resonator to dynamically control its functionalities due to its geometric features. Therefore an alternative path is in demand to achieve tunable GNW resonators and other plasmons devices based on such structures. Significantly, in a recent study on directional excitation of GPs on magneto-optical substrates [14] , the GPs dispersion relations possess non-reciprocal properties and can be tuned by an external magnetic field. Therefore, by combining with the magneto-optical effect, a new possibility can be expected to dynamically control the functionalities of devices based on the GNW structure.
In this paper we propose a magnetically tunable non-reciprocal plasmons resonator based on a graphene-coated InSb nanowire. In Sec. II we give justifications for the modelling parameters of plasmons filter based on a GNW being coupled to a graphene sheet waveguide. The modal indices of GPs along two opposite circumferential directions on GNW are presented. Then in Sec. III we illustrate the transmittance spectrum of the filter for opposite plasmons input directions and give justifications upon the device performances. The resonant cavity theory is adopted to describe resonant wavelengths, which are verified by numerical simulations. In Sec. IV, we propose that the non-reciprocal plasmons filter can be also regarded as a plasmons isolator, the isolation ratio with respect to the incident wavelength, external magnetic field, ring radius and chemical potential are investigated. Finally we draw conclusions.
The plasmons resonator based on graphene-coated InSb nanowire
Recently, it has been experimentally demonstrated that a graphene flake can be transferred onto a microfiber using adhesive tape and methyl isobutyl ketone [15] . Meanwhile, it has been shown that the graphene layer can be tightly coated onto a nanowire due to van der Waals forces [16] [17] [18] . Sketched in Fig. 1 are the schematics of the plasmons resonators composed of one graphene-coated doped InSb nanowire and one graphene sheet waveguide. Both two components are embedded in the dielectric medium with permittivity ε1=3. The environment temperature is T=300 K with external magnetic field B along the z + direction. Either of the two ports could be the input port for graphene plasmons [shown in Figs. 1(a) and 1(b) respectively]. Through our discussion, the interspace between nanowire and waveguide is fixed at D=30 nm. The nanowire radius is R=100 nm and the length of graphene waveguide below is 500 nm. In the mid-infrared frequency range, the conductivity of graphene can be modeled with a semi-classical Drude model including the temperature correction (T=300K) [19] and should not be affected by the magnetic field oriented parallel to the graphene sheet [14] (along z axis in our case). The formula of conductivity can be expressed as [20] ,
where kB is the Boltzmann constant, T is the temperature, c is the chemical potential and  is the angular frequency. The carrier relaxation time  determines the carrier mobility u through =uc /evf 2 , where the u=10 4 cm 2 /(V•s) is from the measured data [21] and has been involved in the previous investigations upon graphene plasmons [22] . The Fermi velocity is vf =10 6 m/s [20] , which was experimentally adopted in infrared nano-imaging [4] . When considering a system of multiple graphene layers with a spacing of 0.34 nm between each of them, such system can be regarded as a model of graphite as the spacing is significantly greater than the interatomic distance in graphene layer [19, 23] . And therefore the permittivity of graphite εg=2.5 is the lattice contribution to both the tangential permittivity g,t and surface-normal permittivity εg,n of graphene. Meanwhile, by treating graphene as an ultrathin layer with thickness d=0.34 nm, the dynamical conductivity of graphene is included in the tangential permittivity term as g,t=2.5-i/0d [20] . The surface-normal permittivity term is εg,n=2.5. The chemical potential of graphene is set as μc=0.45 eV, which can be implemented through chemical doping [24] .
The magneto-optical effect has enabled a variety of non-reciprocal devices, whose optical properties are distinct for opposite directions of light propagation [25] . For the magnetooptical material InSb, the dielectric permittivity tensor under an external magnetic field B can be expressed as [14, 26] 
where ∞=15.68 is the high-frequency permittivity. The tensor elements are xx=yy=1-p
1/2 and c=eB/m* are the plasma and cyclotron frequencies respectively. The electron density of doped InSb is N=2×10 24 m −3 , which has been previously demonstrated in mid-infrared metamaterials [27] and could be implemented using Si or Be as the dopant and molecular beam expitaxy (MBE) technology [28] . The effective mass m* is determined by m*=0.012me at a temperature T=300 K [29] , in which the constant me is the electron rest mass. Through the whole discussions in this paper, the maximum applied magnetic field is set as B=3T, which has been adopted in the previous experiments to describe magneto plasmons in monolayer graphene [30] and magneto-optics effects in InSb materials [31] [32] [33] 
With an external magnetic field B, the xy in the denominator of 2 nd term would be non-zero. Therefore opposite plasmon propagation directions (i.e. propagation constant  with opposite signs) leads to different plasmons modal indices, which provides the non-reciprocal functionality of proposed structure. Derived from Eqs. (1-3) , the real modal indices of GPs along opposite traveling directions on GNW as functions of the wavelength and external magnetic field are presented in Fig. 2 . The modal indices are defined as the ratio between graphene plasmons and vacuum propagation constants. External magnetic fields for two cases are B=3T in Fig. 2 (a) and incident wavelength is 8.5m in Fig. 2(b) . As shown in Fig. 2(a) , the real modal indices of all three cases decrease as the wavelength increases. Compared with the modal indices of GPs under B=0, the counterparts with anticlockwise (clockwise) traveling direction possess higher (lower) values. As the wavelength further increases to 10 m, the GPs with clockwise traveling direction are no longer supported on the GNW. Meanwhile, it is worth noting that the plasmons wavelengths spp, which can be derived from the ratio between incident wavelength and real modal indices of GPs, also present similar trends to those in Fig. 2(a) . Figure 2 (b) presents the evolution of real modal indices with respect to the increase of external magnetic field B. As the external magnetic field increases from zero to B=3T, real modal indices increase or decrease for Case 1 or Case 2, splitting from the reference value with no magnetic bias. Such non-reciprocal dispersion relation of GPs on InSb GNW provides us chances to achieve a magnetically tunable plasmon filter with a non-reciprocal transmittance spectrum.
Magnetically tunable non-reciprocal plasmons filter
It is well known that for a filter composed of a resonator ring coupled with a waveguide, the resonant wavelength res can be simply expressed via resonant cavity theory,
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in which the R is radius of InSb nanowire, M is the resonant mode order, res is the resonant wavelength and Neff are the modal indices of the graphene plasmons. As shown in Fig. 2 , when an external magnetic field is applied, the real modal indices of the GPs change and the dispersion relations of GPs on GNW become non-reciprocal. Therefore, under an external magnetic field, a non-reciprocal shift of filter transmittance spectrum can be expected as input plasmons are along opposite directions. To present this non-reciprocal spectrum shift, we show the transmittance (in units of dB) under opposite input directions with magnetic field B= 3T in Fig. 3 . For comparison, the results without external magnetic field are shown in dashed lines. In Figs. 3(a) and 3(b) , the plasmons input from Port #1 (Case 1) and Port #2 (Case 2), respectively. Here we denote the period number of magnetic field component Hz as the order of resonant mode. In the figures only five orders of resonant modes (order 4 th to 8 th with corresponding transmittance dips distribute from longer to shorter wavelength) are presented with the Hz field profile of 4 th mode of Case 2 is shown in the inset. As shown in the figures, under an external magnetic field, the transmittance spectra of Case 1 shifts to longer wavelength while the one of Case 2 shifts to shorter wavelength, which can be explained through Eq. (4) and Fig. 2 . As shown in Fig. 2(b) , the real modal indice Neff increases or decreases with the external magnetic field for Case 1 or Case 2. For the same order of resonant mode (parameter M is fixed) in Eq. (4), the increase of Neff leads to larger res, meaning the spectrum shifts to longer wavelength region. Similarly, the decrease of Neff for Case 2 leads to the smaller res, meaning the spectrum shifts to shorter wavelength region.
Meanwhile, the amplitude of spectrum for each order of resonant mode changes. This phenomenon can be attributed to two reasons. At short wavelength and no external magnetic field, the graphene plasmons present stronger field confinement and therefore weaker coupling between the graphene sheet waveguide and GNW structure and larger transmittance (e.g. near =8.15 m). At long wavelength, the plasmons attenuation is lower due to weaker field confinement and the transmittance would be also larger (e.g. near =9 m). Once an external magnetic field is applied, the higher external magnetic field leads to stronger modal confinement and larger attenuation for Case 1[see Fig. 2(b) ], similar to the situation under smaller wavelength. In contrast, for Case 2, higher magnetic field leads to weaker modal confinement and smaller attenuation, similar to the situation under longer wavelength. Therefore, the variations of amplitude in spectrum originates from the combinations of effects of coupling strength and plasmons attenuation.
As for the performances of such device, the insertion loss is around 3 dB and could be attributed to the small graphene chemical potential and long traveling distance of plasmons due to the large nanowire radius. Higher chemical potential as well as more compact device dimensions would be beneficial for better performance, although these may increase the fabrication complexity. As for the bandwidth of filter, a narrow bandwidth with a halfmaximum bandwidth around 100 nm can be achieved in the proposed filter. On the other hand, due to the intrinsic properties of GPs on magneto-optical substrates [14] , reversing the input direction of plasmons has the same effect as reversing the external magnetic field direction, figure 3(b) could also be regarded as the situation of Case 1 with B=-3T. Therefore the external magnetic field endows such filter a tunability with magnetic field from B=-3T to B=3T. For instance, the resonant wavelength of 7 th mode in Case 1 can be tuned from res=7.8 m under B=-3T to res=8.8 m under B=3T with an adjustable range around 1 m.
To describe the resonances of plasmons on the GNW resonator, we have obtained the resonant wavelengths via solving Eqs. (3) and (4) with the results are shown in Fig. 4(a) , in which the dashed lines are the real modal indices for five orders of resonances from Eq. (4) and the solid lines are from Eq. (3). The crossover points in Fig. 4(a) are presented via star markers in Fig. 4(b) . For comparisons, the resonant wavelengths from numerical results of Figs. 3(a) and 3(b) are illustrated via square markers. As shown in Fig. 4(a) , the resonant wavelength of a specific resonant order without magnetic field is located between the values under magnetic field B=3T with opposite input directions. Specifically, for each order of resonant mode, the resonant wavelength of Case 2 (Case 1) is the shortest (longest). On the other hand, for each case, the resonant wavelength decreases as the resonant order number increases. In Fig. 4(b) , we could observe that the resonant cavity theory shows good agreement with the numerical solutions.
Magnetically tunable plasmons isolator
As shown in the previous discussion, the transmittance spectrum could be tuned by external magnetic field where the shift direction is determined by plasmons input direction. Thus at one wavelength, it is possible that plasmons could pass along one of the two input directions while being filtered along the other. In such a situation, the plasmons filter performs as an isolator. To describe the performance of isolator, we first denote the isolation ratio we use in the discussion below. The isolation ratio can be obtained by making a difference between the transmittances of two cases in Fig. 3 . In this paper, the isolation ratio is defined as IR=Transmittance (Case 2)-Transmittance (Case 1). Since the transmittance spectrum of filter is magnetically tunable, the IR ratio could also be dynamically controlled. To illustrated this tunability, we present the IR ratios as a function of incident wavelengths under two lower magnetic fields B=1T and B=2T in Fig. 5(a) . The wavelength spans from 7.5 m to 9.5 m. Furthermore, we have investigated the dependences of isolation ratios on various external magnetic fields, ring radii and graphene chemical potentials under two different incident wavelengths in Figs. 5(b-d) . The incident wavelengths are chosen as =8.2 m and =8.5 m, which correspond to the highest and lowest isolation ratio cases under B=1T in Fig. 5(a) , respectively. The external magnetic field spans from B=0.1 T to B=3 T in Fig. 5(b) , ring radius spans from 50 nm to 150 nm in Fig. 5(c) and the chemical potential spans from c=0.3 eV to c=0.45 eV. Without detailed explanations, the parameters are set as B= 1 T, R= 100 nm and c=0.45 eV.
Figure 5(a) shows that the isolation ratio can be adjusted by an external magnetic field. With the increase of magnetic field, the spectrum of isolation ratio presents a redshift. Specifically, the isolation ratio could be more than 25 dB with the wavelength near 8.5 m and the magnetic field B=1T. As shown in Fig. 5(b) , for each incident wavelength, several peaks or dips can be observed. It is worth noting that changing the external magnetic field would lead to the switch of enabled propagation direction (represented by the sign of isolation ratio), although the corresponding amplitudes are different. For instance, at =8.5 m, the isolation ratio can be near 25 dB under B=1 T with the enabled propagation direction along x + axis. However, to achieve the enabled propagation direction along x -axis by adjusting the amplitude of magnetic field, only the isolation ratio near 10 dB is obtained under B=3T. In contrast, the enabled propagation direction along x -axis with isolation ratio as 25 dB can be obtained by simply reversing the magnetic field direction (i.e. B=-1T) due to the intrinsic principle of non-reciprocal dispersion [14] , which provides another route to achieve the switch of enabled propagation direction. Therefore in the practical applications, reversing the external magnetic field direction would be more efficient than simply adjusting the amplitude of magnetic field. As shown in Fig. 5(c) , with the increasing of ring radius, the periodical modulations of isolation ratios can be observed for both wavelengths. Each of these isolation ratio peaks or dips corresponds to one resonant mode and all these peaks or dips are distributed equidistantly. This can be explained by Eq. (4), in which the resonant mode order M is linearly dependent on the radius R provided that other parameters are fixed. The highest isolation ratio for =8.5 m is located at R=100 nm while the lowest isolation ratio for =8.2 m is located at near R=115 nm. In Fig. 5(d) , higher isolation ratio can be achieved under larger chemical potential. The reason behind this is the lower chemical potential brings higher field confinement and therefore weaker coupling between ring cavity and sheet waveguide, which means there is more energy of plasmons coupled to the output port at the resonant wavelength. It is also worth noting that, higher chemical potential causes less modal attenuation and insertion loss. The investigation on ring radius and chemical potential can be carried out before the fabrication of isolator according to achieve better performance. For better presentation, we have added the comparison between magnetic isolators in this paper and the ones proposed in literatures. The results are shown in the Table below. As shown in the table, for the mid-infrared frequency regime, the plasmons isolator proposed in this paper could achieve comparable extinction ratio to the previously reported devices while with less insertion loss and lower magnetic field bias. As is mentioned, the enabled pass direction for such isolator could also be adjusted by reversing the magnetic field direction. To reveal this, we have shown the field profiles of the 6 th resonant modes at the peak near 8.5 m for two cases under B=1T and B=-1T in Fig. 6 . The red arrows illustrate the plasmons power flow direction. As shown in the two profiles of Figs. 6(a-b) . The graphene plasmons which incident at Port #1 could not pass such a filter due to the resonances in the GNW resonator. In contrast, the plasmons incident at Port #2 can be coupled to the GNW and then continue to output from Port #1 due to the fact that resonant condition is not established. Once the external magnetic field direction is reversed, the enabled pass direction is switched to that from Port #1 to Port #2, as shown in Figs. 6(c-d) . th . The red arrows illustrate the plasmons power flow direction.
Conclusion
In this paper, we propose a magnetically tunable non-reciprocal plasmons resonator based on a graphene-coated InSb nanowire. When coupled with a graphene sheet waveguide and with an applied external magnetic field, graphene plasmons on the magneto-optical nanowire have different modal indices with respect to the traveling directions. Correspondingly, the shift of transmittance spectrum of such a filter becomes non-reciprocal and magnetically tunable. The shift of resonant wavelengths in spectrum can be well explained by resonant cavity theory. Furthermore, the non-reciprocal transmittance also enables the filter to achieve the function of an isolator. Moreover, the isolation ratio of such isolator could be tuned by an external magnetic field with the enabled pass direction being reversed by reversing the magnetic field direction. Specifically, an isolation ratio above 25 dB can be obtained. The proposed magnetically tunable non-reciprocal resonator may provide new possibility to dynamically control plasmons in devices based on graphene-coated nanowires.
